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The Young's modulus of high-aspect-ratio carbon/carbon nanotube composite microcantilevers by experimental and modeling validation This paper reports the Young's modulus of a carbon nanotube (CNT)-reinforced carbon/CNT (C/CNT) composite microcantilevers measured by laser Doppler vibrometer and validated by finite element method. Also, the microfabrication process of the high-aspect-ratio C/CNT microcantilever arrays based on silicon micromolding and pyrolysis is presented in detail. With the in-plane natural resonant frequencies of the microcantilevers measured by a laser Doppler vibrometer, a single degree of freedom (SDoF) model based on Euler-Bernoulli (E-B) beam theory is used to calculate the Young's modulus of this composite. To figure out whether this SDoF model can be applied to these composite microcantilevers, the finite element (FE) simulation of these microcantilevers was performed. The Young's modulus of C/CNT composite microcantilevers fabricated by the pyrolysis process at 600 C is 9391 MPa, and a good agreement between the results from experiments and FE simulation is obtained. The microcantilevers have been widely utilized for micro electro mechanical systems (MEMSs) such as force sensors, biosensors, and microactuators. [1] [2] [3] [4] [5] In many applications of microcantilevers, high vibrational frequency is required, especially for the micro/nano devices with ultrahigh sensitivity or resolution. Various microcantilevers based on materials with high stiffness and wide applications were fabricated and investigated. For example, silicon based materials (silicon, polysilicon, and silicon carbide [6] [7] [8] ) are the most investigated materials for the applications in microcantilevers due to the maturity of silicon based micro machining technologies. The microfabrication processes of silicon microcantilevers can be easily integrated with existing semiconductor microfabrication processes, such as lithography, metal film deposition, lift-off, dry etching, and wet etching techniques, which have been applied in the fabrication of silicon microcantilevers.
Generally, in these processes, the microcantilever regions patterned by photolithography and SiO 2 layers formed by dry oxidation or originally buried in silicon-on-insulator (SOI) wafers are served as protective patterns for dry/wet etching of the silicon. 6, 7 Furthermore, the remaining SiO 2 in the surrounding areas of these regions are striped by buffered HF (BHF) solution or other dry etching methods. The silicon microcantilevers can be easily lined up by high-yield microfabrication process. 7 However, the fabrication of high-aspect-ratio microcantilever arrays based on other materials is an emerging challenge since the synthesis of some materials cannot be easily integrated with the microfabrication process. Besides, low wear resistance, low toughness, and low alkali corrosion resistance limit the applications of silicon microcantilevers. Therefore, carbon based materials which possess the chemical inertness, relatively high elastic modulus and low density, become an important kind of alternative materials for microcantilevers. [9] [10] [11] [12] [13] [14] In the previous researches, freestanding and diamond-like carbon microcantilevers based on amorphous carbon films by isotropic wet etching were fabricated and characterized. [9] [10] [11] [12] Also, the photoresist-derived pyrolysis carbon and other amorphous carbon have been widely investigated for applications in MEMSs since their unique physical properties are complementary to silicon, and their fabrication process can be compatible with microfabrication technologies. 15, 16 Some one-dimensional nanostructures (nanofibers, nanowires, and nanorods) can be utilized as high-performance reinforcements for the composite materials with enhanced physical properties. [17] [18] [19] In recent years, carbon nanotubes (CNTs) have been investigated and utilized as reinforcing agents in micro/nano structures due to their high mechanical strength and low density. 20 An important increase of the tensile modulus and toughness of matrices has been reported for the random dispersion of single-walled CNTs (SWCNTs) or multi-walled CNTs (MWCNTs). For example, the strain energy density and the ductility of polyethylene increased by $150% and $140% with a loading of 1 wt. % MWCNTs randomly distributed. 20 Therefore, the integration of CNTs into carbon based micro/nano structures and devices is of great significance.
A reported fabrication process based on Si micromolding and pyrolysis 21, 22 is employed to fabricate high-aspectratio carbon/CNT (C/CNT) microcantilevers in this research. Also, the detailed Young's modulus of these microcantilevers is investigated by measuring their resonant frequencies, and a single degree of freedom (SDoF) model based on Euler-Bernoulli (E-B) beam theory that provides an analytical determination is applied to calculate the Young's modulus of the composite microcantilevers. 23, 24 Besides, a threedimensional finite element (FE) model is built to verify the accuracy of the analytical results. 25, 26 The experimental and a)
P. Zhou and X. Yang contributed equally to this work. simulation results from these cantilever geometries are in good agreement, which validates the Young's modulus of the C/CNT composite microcantilevers fabricated by this process.
In our research, C/CNT microcantilevers with highaspect-ratio (height: 340 lm and width: 50 lm) were fabricated and characterized for their resonant frequencies. As the fabrication process including Si micromolding and deep inductive coupled plasma reactive ion etching (ICP-RIE) shown in Figure 1 , the C/CNT microcantilevers were fabricated from SU-8 50 negative photoresist (MicroChem Corp.) mixed with 1 wt. % MWCNTs (Nano Carbon Technologies Corp.). The SU-8 50 possesses suitable viscosity for the fabrication process of this research. Ultrasonic irradiation was employed to prepare the resist/CNT nanocomposite, by taking advantage of its multiple effects, such as dispersion, initiation, and activation, to guarantee homogeneous dispersion and stabilization of MWCNTs in SU-8 50 matrix. 21 In the fabrication process, the silicon substrates (400 lm, (100)-oriented, n-type) were cleaned by typical RCA cleaning process. Then, the silicon substrates were immersed into the 1% HF solution for 15 s followed by baking at 145 C for 30 min. After the cleaning and baking, a spin coating of photoresist was carried out, and the patterning of the photoresist was conducted by photolithography. The Si micromolds were fabricated by deep ICP-RIE process. Afterwards, these Si micromolds were filled with resist/CNT composite by backside pumping, and the remained composite on the both sides of Si surface was removed by squeezing and oxygen plasma ashing treatment, therefore, the resist/CNT on the silicon substrate was completely removed. Then, the resist/CNT was converted to C/CNT composite microstructures by a two-step pyrolysis process in a quartz-tube furnace under N 2 atmosphere. The samples were initially heated at 5 C/min rate from room temperature to 400 C, and held at this temperature for 60 min. The obtained samples were eventually cooled down slowly to the room temperature under N 2 atmosphere. The photolithography and ICP-RIE process were conducted again to fabricate hybrid silicon/composite microstructures and release the composite microcantilevers. These microcantilevers were annealed at higher temperature (600 C) for 60 min with the heating rate of 5 C/min from room temperature to 600 C under N 2 atmosphere during the second pyrolysis process. Eventually, the samples were also cooled down slowly to the room temperature under N 2 atmosphere. Therefore, the resist/CNT was converted to C/CNT composite by this two-step pyrolysis process, and the fabrication process was completed. The morphology of the C/CNT composite microcantilevers was characterized by field emission scanning electron microscopy (FE-SEM), as shown in Fig. 2 . The released highaspect-ratio microcantilevers with different sizes have been realized by this fabrication process. The aspect ratio of $7 can be achieved by this process including two-step pyrolysis. The vertical shrinkage on the surface can be observed, which is generated by the densification of the polymer structures induced by the removal of noncarbon species during pyrolysis process. The lateral shrinkage from the SEM images is unapparent, which is consistent with the results of carbon micro/ nano structures derived from different precursors. The result is attributed to the initial strong adhesive force between the resist/CNT composite and the silicon side walls.
The structure/volume shrinkage and weight loss are usually involved in carbonization of the microstructures due to the removal of the noncarbon species during the pyrolysis process. 24 Therefore, the density of C/CNT composite is estimated from the weight and volume of the C/CNT films fabricated by the same pyrolysis process under same conditions. The random distribution of CNTs on the surface of C/CNT microcantilevers is observed, as shown in Fig. 2(c) , and the single CNT in the fracture section of the C/CNT film also verify the distribution of CNTs in matrix. The weight of the composite film before and after pyrolysis process are measured by the digital electrobalance with a 0.1 lN resolution, and the volume of the composite film is estimated from the area and thickness by surface profiler. According to our measurement, the weight shrinkage and volume shrinkage were 40.2% and 64.8%, respectively. 21 Therefore, 1 wt. % MWCNT in SU-8 50 became 1.67 wt. % in the pyrolysis process since the weight of the MWCNTs did not change. The density of the composite microstructures is 2.06 6 0.06 g/cm 3 . 21 For the investigation of the Young's modulus of asfabricated microcantilevers, a laser Doppler vibrometer is utilized to measure their natural resonant frequencies. As shown in Fig. 3 , these microcantilevers are placed on the sample stage in a vacuum chamber, the laser beam of the laser Doppler vibrometer is focused at the vertical wall of the microcantilever, and the flexural modes of lateral vibration were measured. The Young's modulus of the composite is estimated from the resonant frequencies of microcantilevers. For a SDoF model, these microcantilevers are considered to be ideally clamped E-B cantilever beams. And the mass load of a cantilever is simplified to a point load at the free end. The microcantilevers can thus be considered to execute simple harmonic motion when they are in a vacuum chamber. For the resonant frequency of a rectangle cantilever, it can be calculated by Eq. (1), where K is the spring constant, and m* is the effective mass of the cantilever. K and m* can be derived from Eqs. (2) and (3), respectively, where E is the Young's modulus of the composite, t is the width of the microcantilever, L is the length of the microcantilever, n is a geometry constant of 0.24, and q is the mass density of the composite 23, 24 f
By using Eqs. (1)- (3), the Young's modulus of the C/CNT composite microcantilever is given by the following equation:
With this SDoF model for the determination of the Young's modulus, the least squares method was applied to extract the Young's modulus using the measured resonant frequencies of the microcantilevers and their real geometric dimensions. According to our calculation, the Young's modulus of the C/CNT composite is 9391 MPa.
To verify the adequacy of the SDoF model for the determination of the Young's modulus, a three-dimensional FE simulation of microcantilevers was performed by using a commercial package ANSYS workbench, as shown in Fig. 4 . 25, 26 In this simulation, the values of the Young's modulus, Poisson's ratio, and mass density of the composite are E ¼ 9391 MPa, ¼ 0.15, and q ¼ 2.06 g/cm 3 , respectively. All-Hexahedral mesh was generated and the size of the element for meshing was program-controlled. The regions of the microcantilevers contact with the Si micromolds were defined as a fixed support, which means the boundary condition prevents the contact faces from moving or deforming.
The calculated first-order model frequencies of the microcantilevers by FE simulation are listed in Fig. 5 . Experimental results of the resonant frequencies of the C/CNT composite are in good agreement with the results obtained from the three-dimensional FE analysis, which demonstrates that the determination derived from the SDoF model based on E-B beam theory is capable for calculating the Young's modulus of these microcantilevers. Therefore, the Young's modulus derived from E-B beam theory and calculation is believable. The experimental resonant frequencies of the microcantilevers, the E-B prediction, and the simulation results are presented in Fig. 5 with the detailed geometric dimensions. The results from FE simulation are always lower than that of the statistical SDoF values. The voids generated from the fabrication process in the composite microcantilevers result in an overestimation of density of these microcantilevers, and the FE model, which is more accurate, can be more sensitive to this overestimation. The high-aspect-ratio C/CNT composite microcantilevers were fabricated by silicon micromolding combined with twostep pyrolysis process. The Young's modulus of these C/CNT composite microcantilevers is calculated from their natural resonant frequencies with SDoF model based on E-B beam theory and validated by the FE simulations. The results from theoretical analysis and numerical simulation are in good agreement. Our microfabrication process for these high-aspect-ratio microcantilevers and reasonable theoretical calculations validated by FE simulations have great potential for the development and wide applications of high-performance microcantilevers.
